Hippocampal alpha7* nicotinic acetylcholine receptors modulate the release of GABA and glutamate. The control of functional receptor pools by cell firing or synaptic activity could therefore allow for a local adjustment of the sensitivity to cholinergic input upon changes in neuronal activity. We first investigated whether tonic depolarization or cell firing affect the function of alpha7*. The amplitude of alpha7*-gated whole-cell currents in cultured rat hippocampal neurons exposed to high extracellular K + (KCl 40 mM) for 24-48 h increased 1.3 to 5.5 times. The proportion of alpha7*-responsive neurons (99%), the potency of acetylcholine and the sensitivity to nicotinic antagonists were all unaffected. In contrast, block of spontaneous cell firing with tetrodotoxin for 24 h led to a 37% reduction in mean current amplitude. Reduced alpha7* responses were seen after 24-h blockade of N-type calcium channels, but not of L-type calcium channels, NMDA or non-NMDA receptor channels, protein kinase C, or calciumcalmodulin kinases II/IV. The N-type or L-type calcium channel antagonists omegaconotoxin GVIA and nifedipine did not prevent the current-potentiating effect of KCl. The GABA A antagonist picrotoxin led to a 44% reduction of the currents, despite increasing action potential firing, and also reversed the potentiating effect of KCl. Treatment with GABA, midazolam or a GABA uptake blocker led to increased currents. These data indicate that alpha7*-gated currents in hippocampal neurons are regulated by GABAergic activity and suggest that depolarization-induced GABA release may underlie the effect of increased extracellular KCl.
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Introduction
Nicotinic acetylcholine receptors (nAChR) modulate the synaptic release of ( -aminobutyric acid (GABA) and glutamate in the rat hippocampus (Alkondon and Albuquerque, 2001; Gray et al., 1996; Sharma and Vijayaraghavan, 2003) where they also mediate fast post-synaptic currents Frazier et al., 1998; Hefft et al., 1999) . The " -bungarotoxin-sensitive, " 7*-type nAChR has been implicated in most of these cholinergic responses. This receptor-channel is uniquely permeable to calcium (Castro and Albuquerque, 1995; Fucile, 2004) and is located both pre-and post-synaptically in hippocampal tissue (Fabian-Fine et al., 2001) , which led to the suggestion that it is mostly involved in modulation of neuronal activity, instead of in phasic all-or-none excitatory transmission (Jones et al., 1999; Dajas-Bailador and Wonnacott, 2004) . In order to better serve this modulatory role, the mechanisms controlling receptor expression and function might depend upon the level of activity of the cell. Depolarization-dependent mechanisms are involved in the developmental regulation and maintenance of nAChRs in the neuromuscular junction (Fumagalli et al., 1990 ) and in ganglionic synapses (Fumagalli et al., 1976; De Koninck and Cooper, 1995) . Unveiling such mechanisms in central neurons has become of particular interest in view of the evidence of altered hippocampal " 7* nAChR number or function in major neurological diseases, including Alzheimer's and some forms of schizophrenia and epilepsy (Gotti and Clementi, 2004 (Koike and Tanaka, 1991) . The effect of high K + has been studied in several cell types expressing native " 7* receptors in culture (Smith et al., 1983; Betz, 1983; DeLorme and McGee, Jr., 1988; Geertsen et al., 1988; Geertsen et al., 1992; De Koninck and Cooper, 1995; Ridley et al., 2002) , including hippocampal neurons (Ridley et al., 2001) , and also in cells transfected with the " 7 gene (Quik et al., 1996; Quik et al., 1997) . In these diverse models, treatment with KCl 20-50 mM for 1-7 days consistently leads to increased " 7 transcript levels and/or " -bungarotoxin binding sites.
In addition, blockade of action potentials with tetrodotoxin (TTX) or inhibition of NMDA receptors can have opposite effects to those of KCl on " 7*-nAChR labeling in cultured hippocampal neurons (Kawai et al., 2002) . However, TTX reduces the number of detectable " 7* nAChR clusters only in a subpopulation of GABAergic neurons in the mixed hippocampal cultures, while total " -bungarotoxin binding is in fact unchanged (Kawai et al., 2002) . Furthermore, none of these previous studies evaluated the effect of depolarization on " 7* receptor activity directly, through ion channel current measurements, and those that used functional assays failed to demonstrate any corresponding change in responses mediated by " 7* nAChRs (Smith et al., 1983; Betz, 1983; DeLorme and McGee, Jr., 1988; Geertsen et al., 1988; De Koninck and Cooper, 1995; Quik et al., 1997; Ridley et al., 2002) .
The physiological significance of depolarization-induced changes in receptor expression assessed through ligand binding, protein, or transcript quantification is open JPET #106385 6 to question, because even the fully mature protein inserted in the plasma membrane may not be functional, and the fraction of functional receptors may be subjected to independent regulation. Therefore, we have tested if nAChR-mediated currents elicited by fast agonist pulses were altered in conditions that affect resting membrane potential, action potential firing, Ca 2+ signaling and postsynaptic activity in cultured rat hippocampal neurons. To our knowledge, this is the first study to address the changes in the number of functional nAChRs induced by tonic depolarization and by synaptic activity in central neurons. Our results confirm that the function of hippocampal " 7* nAChR is modulated by depolarization, but we provide novel evidence implicating a GABAergic pathway in this modulation.
Materials and Methods
Cell culture. Pregnant Wistar rats at 18-20 days of gestation were sacrificed under CO 2 narcosis and hippocampal cells from the fetuses were isolated and cultured as previously described (Alkondon and Albuquerque, 1993 l of which were added to the medium in the dish (2 ml) on the day before the recordings.
Treatment with dimethylsulfoxide alone 0.1-0.2% had no significant effect in the responses. Acetylcholine chloride, GABA, atropine sulphate, nifedipine, ω-conotoxin where the treatments, the culture batches, and the currents recorded in the same dish were the fixed factor, the random (block) factor, and the replications, respectively.
Significance of the treatment effects was evaluated by the Mack-Skillings nonparametric test for unequal number of replications (Hollander and Wolfe, 1999) .
Results
Similar current types were present in control and KCl-treated neurons
The nAChR-gated currents in the KCl-treated neurons were initially compared to matched controls from the same culture batch (which remained in KCl 5 mM) by a paired screening protocol. The responses were recorded in control and treated culture dishes on the same day, from randomly chosen neurons. To circumvent timedependent changes of the responses during the recordings, each cell was challenged with acetylcholine only once, two minutes after establishing the whole-cell configuration.
Acetylcholine was applied at 1 mM in fast pulses, allowing the classification of nicotinic responses by the criteria set forth by Alkondon and Albuquerque (1993) . By far the most prevalent responses were type IA currents, which reached peak within about 20 ms and quickly decayed to within 5% of the peak during the acetylcholine pulse, due to 
7* nicotinic responses
The most obvious difference between nicotinic responses in treated and untreated neurons was that the mean peak current amplitude was larger in the treated neurons ( Figure 1A) . In four culture batches tested 24 h after KCl treatment and in five batches tested at 48 h, the ratio between the mean amplitudes in the treated and in the control neurons ranged from 1.3 to 5.5 (Table 1 ). The distributions of the peak amplitudes in both the KCl-treated and control cultures were markedly asymmetric, and failed standard statistical tests of normality. Therefore, instead of analysis of variance, the non-parametric Mack-Skillings (M-S) procedure was used, and the data were graphed as box plots ( Figure 3D ).
The toxin alone led to a 37% reduction in the current averages (p = 0.006, M-S test) and also brought down the effect of KCl to a non-significant 25% potentiation compared to untreated controls. Using the same protocol as for nifedipine, acute application of 1 : M ω-conotoxin GVIA blocked barium currents by more than 50%, confirming its To further assess the effect of depolarization associated with synaptic excitation and cell firing, the GABA A receptor antagonist picrotoxin was used to block inhibition, at tonic GABA A receptor-gated currents in hippocampal neurons (Gaspary et al., 1998; Wu et al., 2001) . Therefore, the observed potentiation of The grand mean of the currents was reduced by 45%, ranging from 30% to 59% reduction in individual batches (p = 0.012, M-S test) ( Figure 6D ). This reduction was similar to that seen with picrotoxin alone, indicating that the effect of KCl is obliterated after blockade of GABA A receptors.
Discussion
Our results demonstrate that the exposure of hippocampal neurons to medium containing an elevated concentration of KCl can lead to markedly increased nicotinic responses in 24 h, whereas Na + channel blockade by TTX has the opposite effect. This
shows that " 7* nAChRs, which mediate virtually all of the nicotinic currents in our cultures, are subject to strong functional regulation by activity-related mechanisms. The effects of modulating Ca 2+ entry through L-and N-type VDCCs or glutamate receptorchannels were not generally consistent with a hypothesized depolarization and Ca 2+ -dependent mechanism for the effects of KCl and TTX. However, variations in GABA concentration and modulation of GABA A receptor function revealed that currents mediated by " 7* nAChRs were specifically correlated with GABAergic activity.
Nature of the KCl-modified nicotinic responses
Nearly all hippocampal neurons sampled from cultures exposed to a high concentration of KCl for 24 or 48 h showed acetylcholine-gated currents that could be identified as type IA nicotinic responses (presumed α 7* nAChR). In treated neurons, the potency of acetylcholine and the sensitivity to neuronal nicotinic receptor antagonists were unchanged, but the currents were significantly larger in amplitude. The simplest (Smith et al., 1983; Geertsen et al., 1988; Geertsen et al., 1992; De Koninck and Cooper, 1995; Quik et al., 1996; Quik et al., 1997; Ridley et al., 2001; Kawai et al., 2002) . In principle, the enhanced responses could have been due to newly inserted receptors or to activation of a pre-existing silent pool, and there is recent evidence of both types of regulation for ), and vesicle-associated receptors can be inserted in the membrane through an exocytotic mechanism, quickly becoming functional (Cho et al., 2005) . However, response potentiation by KCl (or GABA) could also occur without changes in " 7* receptor number, as recently demonstrated for genistein-induced potentiation (Charpantier et al., 2005) .
The relationship between depolarization-induced up-regulation of " -bungarotoxin binding sites and changes in receptor-channel function remained mostly untested or unproven in previous studies (Smith et al., 1983; DeLorme and McGee, Jr., 1988; Geertsen et al., 1988) . One study did show an increased receptor-mediated Ca 2+ influx in GH 4 C 1 rat pituitary cells stably expressing rat " 7 receptors exposed to 50 mM K + for 2-3 days, without changes in agonist potency (Quik et al., 1997) . However, the calcium transients induced by nicotinic agonists in these cells are not directly coupled to nAChR Could GABA be involved in the observed effects of KCl and TTX? In this and previous studies in the same preparation (Lopes et al., 2004) , we have shown that GABA is spontaneously released in culture. Changes in membrane potential or in the concentration gradients of either Na + , Cl ! or GABA can change the set-point of the GAT-1 transport system, which fluctuates dynamically between GABA uptake and release modes (Wu et al., 2001; Richerson and Wu, 2003) . Increased extracellular KCl is known to cause release of GABA through reverse transport, leading to activation of GABA A receptors in hippocampal neurons (Gaspary et al., 1998; Wu et al., 2001) . If the effects of KCl were in part independent of the GABAergic pathway, KCl treatment would be expected to partially overcome the inhibitory effect of picrotoxin, but a similar reduction of about 45% in mean current was seen when the treatments were combined
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